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Abstract
Functionally contracting smooth muscle is an essential part of the engineered
intestine that has not been replicated in vitro. The purpose of this study is to
produce contracting smooth muscle in culture by maintaining the native smooth
muscle organization. We employed intact smooth muscle strips and compared
them to dissociated smooth muscle cells in culture for 14 days. Cells isolated by
enzymatic digestion quickly lost maturity markers for smooth muscle cells and
contained few enteric neural and glial cells. Cultured smooth muscle strips
exhibited periodic contraction and maintained neural and glial markers. Smooth
muscle strips cultured for 14 days also exhibited regular fluctuation of intracellular
calcium, whereas cultured smooth muscle cells did not. After implantation in
omentum for 14 days on polycaprolactone scaffolds, smooth muscle strip
constructs expressed high levels of smooth muscle maturity markers as well as
enteric neural and glial cells. Intact smooth muscle strips may be a useful
component for engineered intestinal smooth muscle.
Introduction
Short bowel syndrome (SBS) is a significant clinical complication that occurs
when there is insufficient length of functional intestine, leading to malabsorption
[1]. Standard treatments for SBS include total parenteral nutrition, intestinal
transplantation, and intestinal lengthening; however severe complications and
reduced quality of life limit their effectiveness [1–3]. Intestinal tissue engineering
is an innovative approach for the treatment of SBS.
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The gastrointestinal tract is responsible for digestion, nutrient and water
absorption, and excretion of waste [4]. Within the digestive tract are several
specialized tissues, including the smooth muscle, that are responsible for mixing
luminal contents for absorption and propelling contents toward the rectum.
Between the layers of smooth muscle is the myenteric plexus that coordinates
smooth muscle contraction and intestinal motility [4, 5]. Pacemaker activity
originates in the interstitial cells of Cajal (ICCs) and the pathway of conduction to
intestinal smooth muscle is controversial [6]. Smooth muscle contraction is
integrated by signals from many sources and may conduct through the enteric
nervous system, through ICCs, or in another way entirely [7–9]. Glial cells form
networks with smooth muscle cells [10], and the loss of glia decreases smooth
muscle motor function [11]
Engineered intestine requires the expansion and incorporation of several cell
types into structured layers. The smooth muscle layers are particularly challenging
to replicate. Isolated smooth muscle cells (ISMC) lose maturity, particularly the
expression of smooth muscle myosin heavy chain, even after brief culturing [12–
15], leading to a loss of contractile strength [16] and loss of excitation/contraction
coupling [17]. This altered state of ISMC maturity is known as the ‘‘synthetic
phenotype’’ and is marked by increased proliferation coupled with decreased
differentiation [14]. While cell growth is desirable in tissue engineering, the main
disadvantage of dissociated ISMC is the loss of an appropriate cell niche [18].
Attempts to develop tissue-engineered smooth muscle for the gastrointestinal
tract have been unable to reproduce the contraction strength associated with
healthy tissue [19, 20]. This is true for other tissue-engineered muscles including
skeletal muscle [21], cardiac muscle [22], vascular smooth muscle [23],
sphincteric smooth muscle [24], and bladder smooth muscle [25]. Many methods
to increase cultured smooth muscle maturity have been studied including the use
of growth factors [15, 24, 26], scaffolds [27, 28], stem cells [25], co-culture [29],
bioactive materials [30], and physiological stimulation [31, 32], but the
contraction remains poor. Maintaining the close association of smooth muscle
cells with neuroglial cells and ICCs may be necessary for functioning smooth
muscle cells.
The objective of this study was to engineer intestine smooth muscle from intact
strips of smooth muscle and compare them to dissociated ISMC. We evaluated
the expression of smooth muscle maturity markers, enteric nervous markers, and
periodic contraction of cultured cells and tissues. Finally, we evaluated the
behavior of ISMCs and muscle strips after implantation on polymeric scaffolds.
Materials and Methods
A) Muscle strip (MS) and ISMC procurement
Pregnant Lewis rats were purchased from Charles River Laboratories
(Wilmington, MA) to give birth to wild-type pups. Transgenic Lewis rat pups that
expressed green fluorescent protein (GFP) were bred in a colony managed by the
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Department of Laboratory Animal Medicine and approved by the UCLA
Institutional Review Board and Office of Animal Research Oversight protocol
#2004-183. The UCLA facility is an AALAC-accredited facility and experiments
strictly followed the recommendations within the Guide for the Care and use of
Laboratory Animals supplied by the National Institutes of Health. All efforts were
made to minimize animal suffering. The isolation of MS from intestine was
described previously (12). Briefly, pups were sacrificed at day 3–5 postpartum
using an isofluorane overdose and confirmed by decapitation. The removed
intestines were kept on ice in Hank’s Buffered Saline Solution lacking magnesium
and calcium (HBSS, Life Technologies, Carlsbad, CA) with 1x antibiotic-
antimycotic (ABAM, Life Technologies). The circular and longitudinal layers of
smooth muscle were gently separated together in one strip from the intestine
using forceps. Half of the MS were minced using a razor blade until they were less
than 500 mm in size. The other half of the MS were used to obtain dissociated
ISMC as described previously (12) employing a 1 mg/ml solution of collagenase
IV (Sigma, St. Louis, MO) in HBSS for 30 minutes at 37 C˚. Cells were suspended
in DMEM containing 10% fetal bovine serum and 1x ABAM and were filtered
through a 70 micron nylon filter (Corning, Corning, NY) prior to culture.
B) Cell culture conditions
24-well culture plates (Corning) were coated overnight prior to cell seeding at
37 C˚ with 50 mg/ml of type I bovine collagen (Purecol, Advanced Biomatrix, San
Diego, CA) diluted in phosphate buffered saline (PBS, Life Technologies). Wells
were rinsed twice in PBS prior to seeding. ISMC were counted with a
hemacytometer and were seeded at 50,000 cells/cm2. MS were plated at a density
of 20 minced pieces per well in 500 ml of culture medium. Both ISMC and MS
were kept in a 37 C˚ humidified incubator with 10% carbon dioxide. The culture
medium was changed every other day after rinsing with PBS.
C) Immunofluorescence
S100 protein is expressed by glial cells in the intestine [10] and is used as a glial
cell marker. The enteric neural cells express b (III)-tubulin (BTUB) (30). Cultured
ISMC and MS were fixed in formalin for 1 hour at room temperature. Samples
were incubated with the following primary antibodies: monoclonal mouse anti-a
smooth muscle actin (SMA, 1:50 dilution, Dako, Carpinteria, CA), monoclonal
mouse anti-desmin (DES, 1:50, Dako), monoclonal mouse anti-smooth muscle
myosin heavy chain (MHC, 1:50, Santa Cruz Biotechnology, Dallas, TX),
polyclonal rabbit anti-S100 (1:200, Dako), and monoclonal mouse anti-b (III)
tubulin (Abcam, 1:200, Cambridge, England). After 16 hours of incubation,
samples were incubated in a 1:200 dilution of Alexafluor 488 (green) goat anti-
mouse or Alexafluor 594 (red) anti-rabbit IgG (Life Technologies). VectaMount
containing DAPI (Vector) was used to visualize the nuclei. All images and videos
Smooth Muscle Strips for Intestinal Tissue Engineering
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were taken with an Olympus IX71 microscope with CellSens software (Olympus,
Center Valley, PA).
D) mRNA expression
mRNA was isolated from lysed ISMC and MS using the RNeasy kit (Qiagen,
Germantown, MD) and Qiashredder kit (Qiagen) following the manufacturer’s
protocol. Real-time PCR was performed using a PCR master mix and Quantitect
Probe RT-PCR kit (Qiagen), and the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Invitrogen). Primer/probe mixtures for SMA, DES, MHC,
S100A, BTUB, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
purchased from Applied Biosystems. Samples were normalized to GAPDH
expression. Fresh MS from pups served as the reference for comparison of mRNA
expression level.
Measurement of depolarization and contraction of cultured
smooth muscle
After culturing ISMC and MS for 14 days, wells were rinsed once with PBS and
were incubated in 400 ml of a stock solution composed of 1 part Fluo-4 Direct
Calcium Assay (Life Technologies) and 1 part cell-culture medium. Fluo-4 Direct
emits green fluorescent light in the presence of intracellular calcium. During
depolarization, calcium increases intraceullarly in smooth muscle cells and
fluorescent intensity of the calcium indicator increases measurably from baseline
levels. After cells repolarize, the fluorescence is reduced again to baseline – this
cycle is repeated without loss of fluorescent intensity for several hours until
exhaustion of the calcium indicator and without need to replace the media/
calcium indicator stock solution. Wells containing ISMCs or MS were incubated
for 60 minutes at 37 C˚ and then allowed to return to room temperature for an
additional 30 minutes while wrapped in aluminum foil to prevent photo-
bleaching. Fluorescent images were taken at an excitation wavelength of 494 nm
and an emission wavelength of 516 nm.
Fluorescent videos were analyzed using a custom MATLAB program. Each
video was condensed by capturing only every 4th frame. A region of interest was
highlighted and the average fluorescent intensity within the highlighted region
was calculated for each frame to observe calcium concentration. The intensity
values from the first image in each stack were then subtracted as baseline intensity
from each subsequent frame to create a normalized intensity profile compared to
the initial image. Changes in intensity are rendered in the MATLAB colormap
‘‘gray’’, with increases in calcium concentration shown in grayscale as an increase
(black), decrease (white), or no change (gray) in intensity from the initial image.
A fast Fourier transform (FFT) was performed on the mean intensity of the
region selected by the user, and the largest non-zero peak of the power within the
frequency and period domain was selected.
Smooth Muscle Strips for Intestinal Tissue Engineering
PLOS ONE | DOI:10.1371/journal.pone.0114850 December 8, 2014 4 / 20
E) Response to pharmacological stimulation
The cholinergic agonist carbachol and antagonist atropine were administered to
test pharmacological responses to cholinergic stimulation after 14 days in culture.
MS and ISMCs were incubated for 1 hour in 500 ml of Fluo-4 Direct alone or
Fluo-4 Direct with 150 mM atropine (Thermo Fisher Scientific) as described
above. After samples were recorded in the presence of calcium indicator with the
atropine still added as a baseline recording of calcium intensity, a 250 ml of a
3 mM solution of cholinergic agonist carbachol (Thermo Fisher Scientific) in PBS
was added to the samples and recorded to observe changes in calcium indicator
intensity within the cultures.
F) Scaffold fabrication and seeding
Fabrication and collagen coating of poly e-caprolactone (PCL) scaffolds were
described previously (31). After forming the electrospun mat, a pattern of 250-mm
pores drawn with Adobe Illustrator was cut from electrospun mat using a
VersaLASER 2.3 laser cutting system (Universal Laser Systems, Scottsdale, AZ) in
to a 25 mm by 9.5 mm rectangular scaffold.
Primary GFP-expressing ISMC were seeded at 250,000 cells/cm2 on collagen-
coated PCL scaffolds fitted in to a custom designed polydimethylsiloxane (PDMS,
Dow Corning, Midland, MI) seeding tray as determined by earlier studies [33].
Primary GFP-expressing MS were seeded at a density of approximately 50 minced
pieces in 500 ml per scaffold. Every two days, culture medium was changed after
rinsing with PBS. Scaffolds were maintained for two weeks in a 37 C˚ humidified
incubator with 10% carbon dioxide before implantation.
G) Surgical methods and implantation
On the day of implantation, ISMC- or MS-seeded scaffolds were rinsed with PBS
and were wrapped twice around a sterile #6 silicone catheter (Bard, Covington,
GA). The scaffold was sutured to the catheter to prevent unwrapping, and ends
were left open to allow maximum vascular infiltration. After wrapping, scaffolds
were stored on ice in culture medium until implantation. All surgical procedures
were performed in accordance with UCLA’s Animal Research Committee
protocol # 2004-197. The surgical procedure was described in detail in a previous
publication [34]. Rats were anesthetized in accordance with protocols described
by UCLA’s Department of Laboratory Animal Medicine.
H) Implant immunohistochemistry
Implants were retrieved after 14 days and each scaffold was cut in to four equal-
sized cylinders and fixed in formalin for histology. Explanted scaffolds were fixed
in formalin overnight, embedded in paraffin, and sectioned by UCLA’s
Translational Pathology Core Laboratory. The immunohistochemistry procedure
has been reported previously [35]. Sectioned samples were incubated overnight in
Smooth Muscle Strips for Intestinal Tissue Engineering
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primary antibody as described above. Additionally, GFP-expressing cells were
incubated with monoclonal mouse anti-green fluorescent protein (GFP, 1:50,
Clontech, Mountain View, CA). Slides were coverslipped with VectaMount
containing DAPI.
I) Statistics
Differences between groups were evaluated using the Student’s t-test. A p-value
,0.05 was considered statistically significant.
Results
A) Smooth muscle culture
Smooth muscle layers were separated from intact mucosa and submucosa by
physical stripping of the intestine (Fig. 1). Both circular and longitudinal layers of
the smooth muscle were separated in to strips of muscle, which were used for
ISMC isolation or MS culture (Fig. 1C).
Cultures of ISMC and MS were imaged with phase contrast microscopy to
visualize cell morphology (Fig. 2). Cultures of MS formed a network of cells
emanating from each piece of smooth muscle. Cells from cultured MS proliferated
and migrated outwards until they merged with cells from a nearby MS. In
contrast, ISMC from dissociated MS were initially more evenly distributed across
the culture and had a spindle-shaped morphology. As cells grew to near
confluence between 7 and 14 days, ISMC formed a hill-and-valley pattern.
B) Immunofluorescence of cultured cells
Cultured ISMC and MS were immunofluorescently labeled to visualize expression
of markers for smooth muscle and enteric neural cells (Fig. 3). By day 14, the
majority of cultured ISMC and cells that grew from MS expressed SMA, and
approximately half of the cells in both groups expressed DES. Less than 10% of the
cells expressed MHC, suggesting de-differentiation of cultured ISMC.
Approximately 10% of cultured ISMC and cells from the MS expressed S100.
Strikingly, whereas 10% of cells from cultured MS expressed BTUB, cultured
ISMC did not express BTUB. In MS cultures, cells that expressed S100 were often
adjacent cells that expressed BTUB, suggesting that glial and neuronal cells were
closely associated with each other (Fig. 4). Long, thin processes from BTUB-
expressing cells extended to clustered networks of other BTUB and S100
expressing cells.
C) Expression of mRNA in cultured ISMC and MS
ISMC and MS culture was examined for expression of smooth muscle, glial, and
neural mRNA compared to mRNA expression in MS from the day of initial
neonatal harvest (Fig. 5). No significant differences existed in ISMC and MS
Smooth Muscle Strips for Intestinal Tissue Engineering
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mRNA levels for SMA, DES, MHC, S100, or BTUB initially (data not shown).
Differences in mRNA expression at day 14 between ISMC and MS cultures were
congruent to the immunostaining results. The levels of mRNA for DES and MHC
decreased by day 14 in both cultured ISMC and MS groups but there was not a
significant difference between these markers in day 14 ISMC or MS culture.
Expression of BTUB mRNA was significantly greater in cultured MS compared to
cultured ISMC (p,0.05, n56). After culturing for 14 days, S100 mRNA
expression was increased to 2.1¡0.4 and 1.9¡0.5 for ISMC and MS cultures,
respectively, but there was no difference between groups.
D) Contractile assessment
To determine the contractile function of cultured ISMC and MS, cells were loaded
with a fluorescent intracellular calcium indicator. MS visibly contracted in a
periodic manner by changing over 10% of their projected area, suggesting the
presence of mature smooth muscle cells within the cultured MS (Fig. 6; S1
Video). This periodic contraction was qualitatively less than the maximum
contraction observed with pharmacological stimulants such as potassium chloride
Fig. 1. Hematoxylin and eosin histology of neo-natal intestine. At 3–5 days post-partem, normal rat
intestine (A) was harvested and stripped of muscle (B). The resulting muscle strip (C) was cultured along with
ISMCs isolated from the muscle strip enzymatically. Both circular (C) and longitudinal (L) smooth muscle was
visible in the whole intestine and isolated MS. 400x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g001
Fig. 2. Phase contrast images of ISMCs and MS grown in culture for 3, 7, and 14 days after harvest
from neonates. Smooth muscle cells (top row) were evenly dispersed after seeding and reached confluency
at about 14 days in culture. Adherent MS (bottom row) were about 200-mm in diameter with cells emanating
outward on the culture surface until reaching confluency after approximately 14 days in culture. 100x
magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g002
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or carbachol, but similar to the ,30% change amplitude of contraction in
acetylcholine-induced fresh smooth muscle [36]. Native stripped intestinal
smooth muscle contracted visibly and with a large flux of calcium intensity
(Fig. 7). Cells in the MS group also exhibited periodic fluctuation of intracellular
calcium level (Fig. 8; S2 Video) that closely approximated the contractile
periodicity of native intestine. At day 7, the calcium oscillation had an average
period of 3.1¡1.0 seconds in the cultured MS group (n55). By day 14, the period
was 2.9¡0.3 seconds for the MS group (n55). The consistent, periodic calcium
fluctuations suggested a functioning pacemaker system within the cultured MS.
Furthermore, calcium waves migrated across the MS cultures, possibly via
conduction through functional neuronal connections. In contrast, cultured ISMC
grown in the same conditions did not show periodic changes in intracellular
calcium level (Fig. 9; S3 Video).
Fig. 3. Immunofluorescence of cultured cells after 14 days. Smooth muscle cells and muscle strips were
grown in culture for 14 days and stained for markers of smooth muscle, glial, and neural lineage. SMA and
DES immunofluorescence confirmed smooth muscle lineage in both cultures. Both samples lacked MHC, a
marker of smooth muscle maturity. Cultured MS but not cultured ISMCs contained S100 and BTUB, markers
for enteric glial and neural cells. 100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g003
Fig. 4. Co-immunofluorescence of S100 and BTUB in MS at Day 14. Overlapping networks of S100 (red)
and BTUB (green) in cultured MS was observed. Arrows point to BTUB-positive extensions from the MS,
arrowheads point to MS. 100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g004
Smooth Muscle Strips for Intestinal Tissue Engineering
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MS response to pharmacologic agents was tested with carbachol and atropine.
The addition of the cholinergic agonist, carbachol, caused MS contraction and led
to an increase in mean intensity within the MS and nearby clusters of cells
(Fig. 10; S4 Video). Atropine, a cholinergic antagonist, did not change the
Fig. 5. mRNA expression of cultured ISMC and MS 14 for after neonatal harvest. There was no
significant difference in mRNA expression for smooth muscle markers between cultured ISMC and MS,
including SMA, DES, and MHC. There was a significant increase in mRNA expression of BTUB in cultured
MS (p,0.05, *; n56). Samples were normalized to smooth muscle from the harvest with GAPDH as a control
gene.
doi:10.1371/journal.pone.0114850.g005
Fig. 6. Contraction of cultured MS 14 days after neonatal harvest. A roughly 10% change in projected
area was observed on a MS cultured for 14 days, showing the retained contractile function of cultured MS (S1
Video). White arrow points to observed MS, 100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g006
Smooth Muscle Strips for Intestinal Tissue Engineering
PLOS ONE | DOI:10.1371/journal.pone.0114850 December 8, 2014 9 / 20
periodicity of the calcium fluctuation in MS but did reduce the overall intensity
(Fig. 10 D–F; S5 Video). Atropine incubation led to an attenuated response of the
MS to carbachol stimulation. Cultured ISMC showed a similar response to
carbachol (Fig. 11) and atropine (data not shown).
E) Implantation of ISMC and MS
GFP-expressing ISMC and MS were seeded and cultured on macroporous,
electrospun PCL scaffolds for two weeks and implanted in rat omentum to
measure the persistence of mature markers in vivo. Rolled scaffolds were
subsequently implanted in the omentum of wild-type Lewis rats for two more
weeks. Retrieved implants revealed the layered structure of the scaffolds with
pores and show immunofluorescence of GFP-expressing cells growing from the
implanted MS (Fig. 12). Retrieved implants were also examined by immuno-
fluorescence for smooth muscle markers, enteric nervous markers, glial markers,
and GFP to identify implanted cells (Fig. 13).
Fig. 7. Calcium indicator intensity in native smooth muscle stripped from day 5 rat pup. An increase in
calcium indicator intensity is in native smooth muscle just prior to depolarization (A) and 0.7 seconds later (B),
after depolarization. Regions of black indicate depolarization, while regions of white are decreases in calcium
intensity as an artifact of the smooth muscle movement during contraction. 100x magnification, 200-mm scale
bar. A plot of calcium indicator intensity (C) within the native smooth muscle show the intense, periodic waves
of depolarization.
doi:10.1371/journal.pone.0114850.g007
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GFP-expressing cells were present within the implants that were initially seeded
with ISMC. These cells expressed SMA and a low level of DES (Fig. 13). Implants
with MS had increased amounts of DES and MHC within the GFP-expressing MS.
Implanted MS also expressed both S100 and BTUB in areas of GFP-expression,
confirming a network of neural cells present within the engineered smooth muscle
construct. In contrast, implanted ISMC did not express S100 or BTUB.
Discussion
The creation of contractile smooth muscle tissues is critical to intestinal tissue
engineering.
We presented a technique for forming contractile smooth muscle constructs in
vitro, and the implanted smooth muscle construct exhibited persistent maturity
and intrinsic innervation. The patterns of contraction observed in our MS are of
particular interest. The period of the depolarization cycle in our MS closely
resembles the period of other spontaneous depolarization cycles observed in the
intestine. Mendoza et al. [19] observed a period of about 1.8 seconds per
contraction for normal jejunum and up to approximately 2.5 seconds per
Fig. 8. Calcium indicator intensity in cultured MS after 14 days. An increase in calcium indicator intensity
is observed between images of the MS just prior to depolarization (A) and 0.7 seconds later (B), after
depolarization (S2 Video). Muscle strips and the surrounding cells that formed a ‘‘ganglia’’ are labeled.
Regions of black indicate depolarization. 100x magnification, 200-mm scale bar. A plot of calcium indicator
intensity (C) within MS and the ‘‘ganglia’’ show the periodic depolarization waves in the MS culture.
doi:10.1371/journal.pone.0114850.g008
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contraction for an isolated and lengthened segment of jejunal intestine, closely
resembling the 2.9 second cycles of MS cultured for 14 days. Literature values of
smooth muscle periodicity report an average contraction/relaxation cycle of 1 to 3
seconds [37]. Depolarization of calcium in cultured MS followed a sweeping
pattern that often migrated across the field of view or synchronized with other
depolarization waves, similar to depolarization in the intestinal syncytium.
Cultured ISMC had some characteristics of smooth muscle cells, but did not show
the cyclical depolarization patterns observed in the MS culture.
The coordination of intestinal smooth muscle contraction is orchestrated by the
enteric nervous system and the ICCs. Glial cells support the enteric nervous
system through growth factor secretion and maintenance of cationic homeostasis
[10, 38]. Glial cells form networks with smooth muscle cells [10], and the loss of
glia decreases smooth muscle motor function in the intestine [11]. Enteric neural
cells express BTUB and malformation of the enteric nervous system is one of the
leading causes of gastrointestinal dysmotility [9]. Both of these cells are necessary
for correct function of smooth muscle tissues in healthy intestine, and were
associated with depolarization and contractile ability of the MS in this report.
Conversely, ISMC did not maintain BTUB expression measured by either
mRNA expression or immunofluorescence, and ISMC were not able to contract
Fig. 9. Calcium indicator intensity in cultured ISMC after 14 days. The changes in calcium indicator of
ISMC were less intense than in MS in an image just prior to (A) and 0.7 seconds after depolarization (B).
Calcium intensity fluctuations (C) were not periodic (S3 Video). 100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g009
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and depolarize in culture. There was no difference in mRNA expression of either
S100 or BTUB immediately following harvest (data not shown). This observation
suggests that the enzymatic dissociation of MS in to ISMC either immediately
killed BTUB expressing cells, or removed them from a beneficial niche within the
Fig. 10. Demonstration of pharmacological response of MS to cholinergic stimulation. At day 14, the
cholinergic agonist carbachol was added to cultured MS to induce MS depolarization after incubating in
calcium indicator (S4 Video). Calcium intensity increased in MS between images taken just before (A) and
immediately after (B) adding carbachol. A plot of calcium intensity (C) in the observed muscle strip indicates a
pharmacological sensitivity to cholinergic agonists. MS were also incubated with the cholinergic antagonist
atropine along with calcium indicator to reduce MS cholinergic sensitivity (S5 Video). MS with atropine were
observed before (D) and after addition of carbachol (E). A plot of calcium indicator intensity shows reduced
intensity after incubation in atropine compared to MS without atropine, while the addition of carbachol (arrow)
did not increase intensity of the calcium indicator. An arrow points to observed MS, an arrowhead indicates
addition of cholinergic stimulation on intensity profiles.100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g010
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MS that led to loss of BTUB expression and periodicity. The loss of ICC’s has been
associated with the loss of normal smooth muscle structure and function [39]. It
is possible that pacemaking in the MS is caused by ICC’s which also contribute to
the maintenance of smooth muscle maturity in implanted MS [8]. Cultured MS
may improve engineered smooth muscle characteristics, more research is needed
to determine the cause of MS periodicity.
Many approaches to improving ISMC maturity in culture use growth factors.
In a previous report, we explored the role of basic fibroblast growth factor (b-
FGF) in the proliferation and survival of ISMC seeded on PCL scaffolds coated
with collagen and implanted in the rat omentum [15]. Although b-FGF was able
to improve cell survival within the implant, markers for maturity were not
detected suggesting that ISMC still regressed to the non-contractile, ‘‘synthetic’’
phenotype. Therefore it is possible that maturity of ISMC may be governed by
complex signaling not easily reproduced with growth factors. Similar improve-
ments in SMC maturity have been observed in vascular SMCs co-cultured with
endothelial cells [40, 41], and cultured whole strips of smooth muscle improves
Fig. 11. Demonstration of pharmacological response of ISMC to cholinergic stimulation. At day 14, the
cholinergic agonist carbachol was added to cultured ISMC to induce depolarization after incubating in calcium
indicator. Calcium intensity increased in ISMC between images taken just before (A) and immediately after (B)
adding carbachol. A plot of calcium intensity (C) in the observed ISMCs indicates a pharmacological
sensitivity to cholinergic agonists. An arrow points to observed MS, an arrowhead indicates addition of
cholinergic stimulation on intensity profiles.100x magnification, 200-mm scale bar.
doi:10.1371/journal.pone.0114850.g011
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tissue engineered vaginal tissue [42, 43]. The lack of measurable differences in
SMCs and MS suggest that differences in contractile ability in the MS may be due
to tissue integrity or physical interaction between the smooth muscle cells and the
pacemakers. SMCs and enteric neural cells are intimately associated and loss of
this relationship during tissue dissociation may inevitably contribute to loss of
SMC maturity and function (33,34).
Recently Zakhem et al. [20, 44] used a chitosan-collagen composite scaffold to
engineer an aligned smooth muscle construct. The addition of pharmacological
stimulants induced relevant physiological contraction or relaxation of the smooth
muscle annulus. Our ISMC and MS exhibited similar physiological response to
pharmacological stimulation. A follow-up study introduced enteric neural crest
progenitor cells to innervate the tissue-engineered smooth muscle construct,
representing a major step towards conductive engineered smooth muscle.
Contractile strength of the engineered smooth muscle tissues did not replicate
physiological forces of the enteric muscle. Other groups have demonstrated
Fig. 12. Histological analysis of implant sections. Scaffolds with either GFP-expressing ISMC or MS were retrieved after two weeks in vivo and were
visualized in cross-section with H&E staining (A, B). A representative image of an ISMC-seeded explant (A, 40x, 500-mm scale) shows laser-cut pores
(arrows) to improve cellular and vascular infiltration through dense PCL scaffold (PCL) from the ‘‘serosal’’ to luminal side of the implant. GFP-expressing MS
(B, 200x, 100-mm scale) on the ‘‘serosal’’ surface of a PCL implant is outlined with a dotted line. Scaffolds with GFP-expressing MS were
immunofluorescently labeled with antibodies to GFP or SMA (C, D). GFP-expressing and MS (C) survived the 2 week implantation and migrated out from the
MS. Non-GFP-expressing cells from the host also permeated the PCL implant and had SMA immunofluorescence (D). 40x magnification, 500-mm scale bar.
doi:10.1371/journal.pone.0114850.g012
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pharmacologically responsive smooth muscle cells with aligned morphologies but
without physiological control [45]. Further progress is still needed to produce
self-paced tissues capable of peristaltic motion, a significant landmark in the
progress of engineered intestine. One area of recent progress utilizes thicker
tissues formed from scaffolds with improved vascular infiltration, such as scaffolds
with macropores [34]. Improvements toward larger, well-vascularized constructs
with pacemaking ability are needed to develop engineered smooth muscle.
Conclusion
In this study, we provide evidence that cultured smooth muscle strips maintain
cellular interactions similar to those in native intestine. Our findings show that
markers for enteric neural and glial cells are maintained in culture in MS as
compared to dispersed ISMC. We provide evidence that MS maintains rhythmic
contraction in culture, and such tissues may be useful for intestinal tissue
engineering.
Fig. 13. Immunofluorescent imaging of ISMC- or MS-seeded implant. After two weeks in vivo, ISMC and
MS implants on scaffolds were identified with anti-GFP immunofluorescence. Both ISMC and MS expressed
SMA, but ISMC had less immunofluorescence for DES and MHC compared to MS. ISMC also showed
reduced S100 immunofluorescence compared to MS. Merged images of SMA (green) and s100 (red) show no
co-localization of immunofluorescence in either ISMC or MS. BTUB immunofluorescence was decreased in
ISMC implants compared to MS implants. Nuclei were indicated with DAPI. 200x magnification, 100-mm scale
bars.
doi:10.1371/journal.pone.0114850.g013
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Supporting Information
S1 Video. Contraction of cultured MS. A roughly 10% change in projected area
was observed on a MS cultured for 14 days, showing the retained contractile
function of cultured MS. White regions indicate where MS has contracted from its
original shape.
doi:10.1371/journal.pone.0114850.s001 (AVI)
S2 Video. Calcium indicator intensity in cultured MS after 14 days. A rhythmic
increase in calcium indicator intensity is observed in the MS and adjacent
‘‘ganglia’’. Regions of black indicate depolarization and increased intracellular
calcium.
doi:10.1371/journal.pone.0114850.s002 (AVI)
S3 Video. Calcium indicator intensity in cultured ISMC after 14 days. The
changes in calcium indicator of ISMC were less intense than in MS and lacked
periodicity. Regions of black indicate depolarization and increased intracellular
calcium.
doi:10.1371/journal.pone.0114850.s003 (AVI)
S4 Video. Demonstration of pharmacological response of MS to cholinergic
stimulation. At day 14, the cholinergic agonist carbachol was added to cultured
MS to induce MS depolarization after incubating in calcium indicator. Calcium
intensity increased in MS during depolarization, indicating smooth muscle
sensitivity to cholinergic stimulation.
doi:10.1371/journal.pone.0114850.s004 (AVI)
S5 Video. Reduced sensitivity of MS to carbachol after blocking with
cholinergic antagonist. MS were also incubated with the cholinergic antagonist
atropine along with calcium indicator to reduce MS cholinergic sensitivity.
Carbachol was added, but MS sensitivity was reduced and cholinergic stimulation
was attenuated with atropine blocking compared to carbachol stimulation alone.
doi:10.1371/journal.pone.0114850.s005 (AVI)
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